ABSTRACT: Aiming at harvesting ambient mechanical energy for self-powered systems, triboelectric nanogenerators (TENGs) have been recently developed as a highly efficient, cost-effective and robust approach to generate electricity from mechanical movements and vibrations on the basis of the coupling between triboelectrification and electrostatic induction. However, all of the previously demonstrated TENGs are based on vertical separation of triboelectriccharged planes, which requires sophisticated device structures to ensure enough resilience for the charge separation, otherwise there is no output current. In this paper, we demonstrated a newly designed TENG based on an in-plane charge separation process using the relative sliding between two contacting surfaces. Using Polyamide 6,6 (Nylon) and polytetrafluoroethylene (PTFE) films with surface etched nanowires, the two polymers at the opposite ends of the triboelectric series, the newly invented TENG produces an open-circuit voltage up to ∼1300 V and a short-circuit current density of 4.1 mA/m 2 with a peak power density of 5.3 W/m 2 , which can be used as a direct power source for instantaneously driving hundreds of serially connected light-emitting diodes (LEDs). The working principle and the relationships between electrical outputs and the sliding motion are fully elaborated and systematically studied, providing a new mode of TENGs with diverse applications. Compared to the existing vertical-touching based TENGs, this planar-sliding TENG has a high efficiency, easy fabrication, and suitability for many types of mechanical triggering. Furthermore, with the relationship between the electrical output and the sliding motion being calibrated, the sliding-based TENG could potentially be used as a self-powered displacement/speed/acceleration sensor.
T he fundamental science and practical applicable technologies for harvesting ambient environmental energy 1−6 are not only essential in realizing the self-powered electronic devices and systems 7, 8 but also tremendously helpful in meeting the rapid-growing worldwide energy consumptions. Mechanical energy is one of the most universally existing, diversely presenting but usually wasted energies in the natural environment, which has attracted a lot of effort in developing the energy harvesting techniques based on different effects and mechanisms, such as electrostatics, 9 ,10 piezoelectricity, 11−13 and electromagnetics. 14, 15 The triboelectric effect 16,17 is a wellknown phenomenon that can generate electrostatic charges from mechanical contact. However, it has always been deemed as an undesirable effect for electronic systems. The recent invention of triboelectric nanogenerators (TENGs) has made use of this effect to generate electricity through scavenging mechanical energy, which is proven to be extremely efficient, reliable and cost-effective. 18−21 This type of nanogenerator is based on the coupling between triboelectrification and electrostatic induction: the periodic separation between surfaces with opposite triboelectric charges (tribo-charges) can change the induced potential difference between two electrodes to drive the alternating flow of electrons through an external load. 20, 22 The previously demonstrated TENGs are all based on the vertical separation of two triboelectrically charged (tribo-charged) planes to generate the electric polarization/field in the direction perpendicular to the planes. 18−24 To realize such vertical charge separation, an air gap is mandatory to be created after the releasing of the external force, which usually requires sophisticated design of the device structures and makes the TENG difficult for packaging and practical use for some cases.
In this study, we demonstrated a new TENG that is designed based on the in-plane sliding between the two surfaces in lateral direction. With an intensive triboelectrification facilitated by sliding friction, a periodic change in the contact area between two surfaces leads to a lateral separation of the charge centers, which creates a voltage drop for driving the flow of electrons in the external load. With the help of finite-element simulation, the working principle has been elaborated. Under this new working mode, the open-circuit voltage of the sliding-TENG reaches 1300 V with a peak short-circuit current density of 4.1 mA/m 2 and a peak power density of 5.3 W/m 2 , which is capable to drive hundreds of electronic devices (such as LEDs) instantaneously. In this demonstration of the in-plane charge separation based TENG, we systematically studied the influence of the sliding parameters (the displacement and the velocity) on the electrical outputs, which illuminated the distinct characteristics of the TENGs in this new working mode. This work will open up a new category of TENGs with numerous advantages and potential applications of harvesting different types of naturally existing mechanical energies, as well as active sensors.
The sliding-triboelectric nanogenerator is structurally composed of two plates (71 mm × 50 mm) with glass slides as the supporting substrates to ensure the surface flatness (Figure 1a ). Polyamide 6,6 (Nylon) and polytetrafluoroethylene (PTFE) films, the two polymers at the opposite ends of the triboelectric series, 25 are purposely chosen as the triboelectric layers adhered on surfaces of the glass slides, respectively, for effective electrification during sliding. On each polymer film, a layer of metal electrode was deposited on the side next to the glass slide (named as top electrode for the one on Nylon and bottom electrode for the one on PTFE). The two plates are kept in parallel to each other and the polymeric surfaces are in intimate contact. As driven by the mechanical motion/vibration along the long-edge of the plate, the two plates slide against each other with the contact area changing periodically. In order to enhance the triboelectric charge density on the surface, 18, 22 the PTFE film was dry-etched using inductively coupled plasma (ICP) to create aligned nanowire structures 26 (Figure 1b ), which will increase the surface roughness and the effective surface area. As shown in the scanning electron microscopy (SEM) images (Figure 1c) , the PTFE surface is uniformly covered with nanowire-structures with an average length of ∼1.5 μm. As illustrated in Figure 1d , during the real-time measurement the PTFE-covered plate was bonded to a stationary stage, while the Nylon side was fastened to a parallel flat-end rail guide, which was connected to a linear motor for inducing an in-plane sliding motion.
The sliding-induced electricity generation mechanism is schematically depicted in Figure 2a . In the original position (Figure 2a-I) , the two polymeric surfaces fully overlap and intimately contact with each other. Because of the large difference in the ability to attract electrons, the triboelectrification will leave the Nylon surface with net positive charges and the PTFE with net negative charges with equal density. Since the tribo-charges on the insulators will only distribute in the surface layer and will not be leaked out for an extended period of time, 27 the separation between the positively charged surface and negatively charged surface is negligible at this overlapping position, and thus there will be little electric potential drop across the two electrodes. Once the top plate with the positively charged surface starts to slide outward (Figure 2a-II) , the in-plane charge separation is initiated due to the decrease in contact surface area. The separated charges will generate an electric field pointing from the right to the left almost parallel to the plates, inducing a higher potential at the top electrode. This potential difference will drive a current flow from the top electrode to the bottom electrode in order to generate an electric potential drop that cancels the tribo-charge-induced potential. Because the vertical distance between the electrode layer and the tribo-charged polymeric surface is negligible compared to the lateral charge separation distance, the amount of the transferred charges on the electrodes approximately equals the amount of the separated charges at any sliding displacement. Thus, the current flow will continue with the continuation of the ongoing sliding process that keeps increasing the separated charges until the top plate fully slides out of the bottom plate and the tribocharged surfaces are entirely separated (Figure 2a-III ). The measured current should be determined by the rate at which the two plates are being slid apart.
Subsequently, when the top plate is reverted to slide backward (Figure 2a-IV) , the separated charges begins to get in contact again but no annihilation due to the insulator nature of the polymer materials. The redundant transferred charges on the electrodes will flow back through the external load with the increase of the contact area in order to keep the electrostatic equilibrium. This will contribute to a current flow from the bottom electrode to the top electrode along with the second half cycle of sliding. Once the two plates reach the overlapping position, the charged surfaces get into fully contact again. There will be no transferred charges left on the electrode, and the device returns to the state in Figure 2a -I. In this entire cycle, the processes of sliding outward and inward are symmetric, so a pair of symmetric alternating current peaks should be expected.
This in-plane charge-separation-induced potential difference and charge transfer can be verified through numerical simulation using COMSOL. The model constructed here has the same structure and dimensions (71 mm × 50 mm in surface) with the real device, and those two tribo-charged surfaces are assigned with a charge density of ±70 μC/m 2 , respectively. The device is in open-circuit condition, which means no electron transfer between the two electrodes. As shown by the simulation results, when the two plates are in the fully aligned stacking position, which corresponds to the state in Figure 2a -I, there is no potential difference generated ( Figure  2b ). When the top plate slides about halfway out (with a displacement of 41 mm), there will be a 2950 V potential difference between the two electrodes ( Figure 2c ); this potential difference will increase to 1.03 × 10 5 V when the top plate just slides out of touching the bottom plate (with a displacement of 71 mm) ( Figure 2d ). In these simulation results of Figure 2b −d, the background planes show the potential distribution in the free space of air surrounding the TENG, as a result of the in-plane charge separation. We have also simulated the voltage between the two electrodes at a series of displacements from 11 to 91 mm (with the sketches of the simulated voltage distributions displayed in Figure S1 in the Supporting Information). As shown in Figure 2e , the voltage keeps increasing when the displacement gets larger, even after the plates slide out of each other. This is because the voltage is the path-integral of the electric field along the displacement. On the other hand, the amounts of transferred charges between the two electrodes under these different displacements are also simulated through equating the potential of the electrodes at the short-circuit condition. As shown in Figure 2e , the amount of transferred charges increases linearly with the displacement before the top plate slides out of the bottom plate (with the displacement smaller than 71 mm). But different from the trend of the voltage, the amount of transferred charges will saturate at the total amount of tribo-charges on one surface after the plates have fully slid out of each other, because there is no further Nano Letters charge separation here. So, the effective displacement region for generating electricity is between 0 and 71 mm, where the contact area of the two plates is changed during the relative sliding of the two plates.
The electrical output of the sliding-TENG was measured with one plate guided by the linear motor in the direction parallel to the long-edge of the plates. The sliding displacement was 71 mm, which was the same with the length of the plate and thus covered the entire effective region for generating electricity (as mentioned above). The sliding movement was in a symmetric acceleration−deceleration mode (the instantaneous sliding velocity was plotted as the pink curve of Figure  3d ), with the acceleration rate of ±20 m/s
2 . The open-circuit voltage (V OC ) was measured by an electrometer with very large input resistance. The electrode at the back of Nylon film was connected to the positive probe. When the plates in the TENG slid from the contact position to the separated position, the V OC jumped from 0 to ∼1300 V (Figure 3a) , which reflects the induced potential difference between the two electrodes by the in-plane charge separation. At the separation position, the V OC decayed a little bit due to the slow charge leakage through the electrometer. When the TENG slid back to the contact position, the V OC jumped back to 0. The density of the transferred charge (Δσ) was also measured at the short-circuit condition. As shown in Figure 3b , the charges with a density of ∼105 μC/m 2 transferred back and forth between the two electrodes, while the plates slid in and out. Since the plates got fully separated in each cycle, the transferred charge density should approximately equal to the triboelectric charge density on the polymeric surfaces, according to the relationship in Figure 2e . With these experimental results, the measured V OC is smaller than the simulated potential difference in Figure 2d , which is possibly due to the limitation of the electrical measurement system to record such a high voltage and the imperfection from the ideal open-circuit condition. The transfer of the charges between the electrodes in the outer circuits produced an alternating-current output with the peak shortcircuit current density (J SC ) of 4.1 mA/m 2 at a maximum sliding velocity of 1.2 m/s (Figure 3c ). The area under each current density peak is the amount of charge density transferred in each sliding motion. The enlarged J SC curve in one single cycle is displayed in Figure 3d , together with the corresponding curve of the sliding velocity. We can find that the current output has a symmetric profile and synchronizes very well with the velocity of the sliding motion. With such a power output converted from the sliding motion, hundreds of commercial light-emitting diodes (LEDs) can be instantaneously driven by a single TENG device (Figure 3e and Supporting Information Video S1−2).
In practice, the TENG's effective output power to the loads depends on the match with the resistance of the load. As shown in Figure 3f , when the resistance is below ∼1 MΩ, the output current density and the voltage have little changes from the short-circuit condition: the current density remains at a value of J SC while the voltage stays close to 0. This is because the TENG has infinitely large inner resistance. When the resistance goes beyond 1 MΩ, the current density will drop with the increase of the resistance; while the voltage on the load rises up. Consequently, the instantaneous power density on the load (Figure 3g ) remains close to 0 with the resistance below 1 MΩ and reaches the maximum value of 0.42 W/m 2 at a resistance of ∼50 MΩ. This is the maximum output power density on the device.
The output of the planar-sliding-driven TENG is directly determined by the parameters of the sliding motion (the displacement and the velocity), because the flow of electricity originates from the tribo-charge separation under sliding. As simulated in Figure 2e , before the two plates fully slide out of each other (with a displacement smaller than 71 mm) the voltage increases monotonically with the displacement. Also, if we assume a uniform tribo-charge distribution on the polymeric surface, the total amount of transferred charges will have a linear relationship with the displacement, which can be expressed in charge density as
where Δσ is the transferred charge density, σ 0 is the tribocharge density on the polymeric surface, ΔL is the sliding displacement, and L 0 is the length of the plate which is 71 mm. According to the definition of current density (J), it has the following relationship
where t is the time. After merging eq 1 into eq 2, we will have
where ν is the instantaneous velocity of the sliding. So, the current density should be proportional to the instantaneous velocity at which the two plates are being separated.
A systematic study of these relationships between the electrical outputs (V OC and J SC ) and the sliding conditions was carried out experimentally. In the first group of experiments, the electrical outputs were measured under a series of 7 different sliding displacements from 11 to 71 mm with an acceleration kept at 20 m/s 2 . As shown in Figure 4a , the V OC increases with the displacement, which is in accordance with the simulation results in Figure 2e . And the measured transferred charge density Δσ displays a linear relationship with the displacement (the inset of Figure 4b ), which can be linearly fitted with the correlation coefficient of 0.981. As for the peak value of J SC , which is in proportional to the maximum velocity ν m , it also has a positive correlation with the displacement (Figure 4b ). This is because ν m has such a relationship with the displacement
where a is the acceleration and ΔL is the total displacement (the displacement for each acceleration and deceleration process is ΔL/2, respectively). When the sliding displacement remains at a constant value of 71 mm, the maximum velocity of the sliding is solely determined by the acceleration. Thus, we varied the acceleration to investigate the velocity's influence on the output. As shown in Figure 5a , V OC has very little increase with the rising acceleration, which is also consistent with the theoretical expectation that V OC is only determined by the displacement. However, the changing rate of the voltage will depend on the sliding velocity. The higher the velocity, the faster the voltage increases/decreases in sliding ( Figure S2 in the Supporting Information). Through differentiating the curve of V OC −t, the maximum slopes of voltage at the rising edges is plotted with the corresponding maximum sliding velocity in Figure 5b , which shows a clear positive correlation. As for the output current, the peak value of J SC gets larger at higher acceleration, because of the larger maximum velocity in sliding (Figure 5c ). However, the sliding velocity has no influence on the transferred charge density Δσ under the constant displacement (Figure 5d ).
Because the essence in the working mechanism of the sliding-TENG is the cycled switching between the separation and full contact of the opposite tribo-charges, there should be little electricity generated in the following two cases: (1) If the sliding motion does not result in the change of the contact area between two plates, for example, if a smaller plate slides inside the perimeter of a larger plate at all time, then little output can be measured, as shown in Figure S3 in the Supporting Information. This is because there is no polarization generated in this case. (2) If the two plates are not fully in tight contact with each other at the overlapping position, there is always a vertical gap distance between them, which results in two cases. In one case, little triboelectric charges are generated. The other case is that if there are triboelectric charges on the plates the gap between them in the vertical direction quickly decays the strength of electrostatic interaction, resulting in a reduced output. As shown in Figure S4 in the Supporting Information, when we gradually increase the vertical distance between the two plates of the TENG from 0 to 2 mm, the output voltage, current, and transferred charges all quickly decay to zero.
The working principle of this in-plane-separation based TENG is essentially similar to that of the existing vertical- separation based TENG. However, the characteristics of the electrical output differ a lot. As shown in the experimental comparison of the TENGs in these two modes with the same materials and dimensions (Figure 6 ), the short-circuit current of the TENG in the planar-sliding mode has a much smaller peak value (∼15 μA) but a longer pulse (Figure 6a ), compared to a much larger peak value of (∼240 μA) but a much shorter pulse by the TENG in the vertical-touching mode (Figure 6b ). This results from the difference in the charge separation process: in the planar-sliding mode, the length of the effective displacement is very large (71 mm in this experimental case), thus the charge transfer takes much longer time, while in the vertical-touching mode, the effective displacement length is much smaller (less than 1 mm), resulting in a much faster charge flow ( Figure S5 in the Supporting Information). Thus, the sliding-TENG should generally deliver a smaller peak instantaneous power than the TENG of the vertical-touching mode. However, as for the total amount of charges flowing through the external load for each displacement, the TENG of the planar-sliding mode delivered a larger value (380 nC) than the TENG of the vertical-touching mode (330 nC), which stands for a higher triboelectric charge density on the polymeric surface. The probable reason is that the lateral sliding between the two polymeric surfaces provides much more friction, thus could more effectively facilitate the triboelectrification than the vertical-touching mode.
As a power source, the electricity generated by the TENGs needs to be regulated and stored in an energy storage device before powering electronic devices. It is the total amount of charges, rather than the peak current, that acts as the key factor for the efficiency of charging an energy storage device. As shown in Figure 6c ,d, the TENGs in these two modes were used to charge a capacitor of 22 μF. It took 313 cycles for the sliding-TENG to charge such an empty capacitor to 10 V, while it took 365 cycles for the TENG in the vertical-touching mode. So, the proposed TENG in the planar-sliding mode shows the superiority when combined with an energy storage device.
Besides the above advantage, this new TENG in the planarsliding mode has several other unique advantages. First, this novel design of TENG does not need a gap between the two plates. Thus it will be unnecessary to have elastic supporting components (such as springs) between the two plates 20, 22 to ensure the effective charge separation. This brings up a lot of convenience in packaging the TENG device. Second, there is no need for a large amount of mechanical energy input to trigger this type of TENG, which can help to improve the energy harvesting efficiency. The mechanical energy only needs to overcome the work done by the sliding friction between the two plates. Third, this TENG is simple in structure, easy in fabrication, compact in volume, stable in performance, costeffective, and robust. With these great advantages, such in-plane charge-separation-based TENGs can harvest mechanical energies in the form of relative sliding that are supplied by many different working configurations, for example, the relative rotation of two contacting plates, the vibration of the piston, the rotation of the axis to its tube, and so on. Besides, those mechanical energies that can drive the relative sliding between two objects can also be harvested using this principle of inplane charge-separation-based TENG, which can greatly expand the application of this type of TENG to scavenge mechanical energy from wind power, oceanic wave, human activities, and so on.
In summary, we have demonstrated a newly designed triboelectric nanogenerator based on the in-plane separation of triboelectric charges. Through converting the mechanical energy in the planar-sliding motion, the TENG delivered an open-circuit voltage of 1300 V and a short-circuit current density of 4.1 mA/m 2 with the maximum instantaneous power of 5.3 W/m 2 , which was able to drive hundreds of electronic devices (such as LEDs) simultaneously. The dependence of the electrical outputs on the sliding motion has been systematically studied, both theoretically and experimentally. Compared with the existing vertical-touching based TENG, the sliding-based TENG drives a larger amount of charges through the external load in each cycle, which is more efficient in charging an energy storage device. This study opens up a new direction in triboelectric nanogenerators and paves the way for a lot of potential applications in harvesting mechanical energy from human activities, rotating tires, mechanical equipment, wind power, ocean waves, and so forth. Furthermore, with the relationship between the electrical output and the sliding motion being calibrated the sliding-based TENG could potentially be used as a self-powered displacement/speed/ acceleration sensor.
Methods. The Fabrication of the Nanowire Array on the Surface of PTFE Film. The 50 μm thick PTFE film was first washed with menthol, isopropyl alcohol, and deionized water, consecutively, and then blown dry with nitrogen. Subsequently, a thin film of Au with a thickness of 10 nm was sputtered onto the PTFE surface as the mask for the etching process. Then the ICP reactive ion etching was used to produce the aligned nanowires on the surface. Specifically, Ar, O 2 , and CF 4 gases were introduced in the ICP chamber with the flow ratio of 15.0, 10.0, and 30.0 sccm, respectively. One power source of 400 W was used to generate a large density of plasma and the other power of 100 W was used to accelerate the plasma ions. The PTFE film was etched for 40 s to get the nanowire array with an average length of ∼1.5 μm.
The Fabrication of the Planar-Sliding-Based TENG. A piece of etched PTFE film and a piece of cleaned polyamide 6,6 (Nylon) film, both with the dimensions of 71 mm × 50 mm, were deposited a layer of Cu film with the thickness of 150 nm on the back. Then, the conducting copper wires were connected to the two electrodes respectively as the leads. Finally, the two pieces of films were carefully taped to two glass slides of the same dimensions with the electrode side facing the glass slides. During the operation, the PTFE covered plate was fastened to a stationary stage, and the Nylon-covered plate was bonded to a flat rail guide, which is in parallel and connected to a linear motor to trigger the sliding motion.
The Fabrication of the Vertical-Touching-Based TENG. The fabrication of the two plates for the TENG was the same as the fabrication of the planar-sliding based TENG. Two pieces of cast acrylic sheets with the thickness of 3/8 in. were prepared as the substrates with the dimensions of 3 in. × 3 in. Four halfthrough holes were drilled at the corners of each acrylic sheet for spring installation. The two plates were taped in the center of the acrylic sheet. Then, four springs were installed in the holes to connect the two substrates together, leaving a gap of ∼1 mm between the PTFE surface and Nylon surface.
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